Despite its simple dye structure, the performance of [Ru(bpy)2(H5)] parallels the best-performing cyclometallated ruthenium(II) dye in p-type DSCs reported previously (He et al, J. Phys. Chem. C, 2014, 118, 16518) and confirms the effectiveness of a phosphonic acid anchor in the dye and the attachment of the anchoring unit to the pyridine (rather than phenyl) ring of the cyclometallating ligand.
HC^N^N and N^CH^N ligands are, respectively 2,2'-bipyridine (bpy), 2-phenylpyridine (Hppy), 2,2':6',2''-terpyridine (tpy), 6-phenyl-2,2'-bipyridine and 1,3-bis(pyridin-2-yl)benzene. The majority of investigations have addressed dyes suited to electron injection at an n-type semiconductor interface, the driving force behind the use of anionic cyclometallating ligands being the replacement of thiocyanate ligands typically present in established Grätzel-type sensitizers. The panchromatic spectral response of [Ru(N^N) 2 
(C^N)] + dyes in DSCs was
identified by Grätzel in 2009. 4 An advantage of incorporating cyclometallating domains in these complexes is the potential for HOMO-LUMO energy tuning by ligand functionalization, 5 and photoconversion efficiencies matching or exceeding that of the standard ruthenium dye N719 have been reported. 6 The HOMO of a [Ru(N^N) 2 
(C^N)]
+ complex is localized on the Ru/C^N unit. 7 Therefore, in cyclometallated dyes for ntype DSCs, the C^N domain functions as an ancillary ligand and the N^N ligand (which contributes to the LUMO) carries the anchoring unit (e.g. carboxylic or phosphonic acid). The first oxidation process is typically shifted 900 mV less positive when compared with the relevant all-nitrogen donor analogue. By switching this functionalization pattern so that the anchor is positioned on the cyclometallating ligand, [Ru(N^N) 2 
Experimental
General. 1 H, 13 C, 11 B and 31 P NMR spectra were recorded on a Bruker Avance III-400 or III-500 spectrometer at 295 K. The 1 H and 13 C chemical shifts were referenced with respect to residual solvent peaks (δTMS = 0), 11 B with respect to BF 3 . Et 2 O, and 31 P with respect to 85% aqueous H 3 PO 4 . High resolution (HR) ESI-MS were measured on a Bruker maXis 4G instrument, and LC-ESI-MS using a combination of Shimadzu (LC) and Bruker AmaZon X instruments. An Agilent 8453 spectrophotometer was used to record absorption spectra. Solid-state absorption spectra of dye-functionalized electrodes were recorded using a Cary-5000 spectrophotometer. Microwave reactions were carried out in a Biotage Initiator 8 reactor.
Electrochemical measurements were made with a CHI 900B instrument using a glassy carbon working electrode, platinumwire auxiliary electrode, and silver-wire pseudo-reference electrode. Redox potentials were determined by both cyclic and square wave voltammetry. HPLC grade, argon-degassed DMSO C for 3 h, and then poured into water (300 mL) and extracted with CH 2 Cl 2 (3 × 300 mL). The combined organic layers were washed with water (300 mL), dried over MgSO 4 and the solvent was removed under reduced pressure. The resulting yellow oil was purified by column chromatography (SiO 2 , EtOAc/cyclohexane 1:10) and H1 was isolated as a yellowish oil (627 mg, 5.2 mmol, 64%). NMR spectroscopic data were consistent with those reported.
17
Compound H2. Bis(pinacolato)diboron (1.35 g, 5.28 mmol) and KOAc (777 mg, 7.92 mmol) were added to a degassed solution of 2-phenyl-4-chloropyridine (500 mg, 2.64 mmol) in dioxane followed by [Pd(dppf)Cl 2 ] (65 mg, 79 µmol, 3 mol %). The solution was degassed again, and the reaction mixture was heated at reflux for 72 h. After removing the solvent under reduced pressure, the residue was purified by Kugelrohr distillation. The resulting oil was subjected to column chromatography (SiO 2 , EtOAc:cyclohexane 1:2 changing to EtOAc:cyclohexane 5:1) and H2 was isolated as a brown oil (98 mg, <348 µmol, <13%). The compound could not be completely purified (see text). ) 252 (47000), 296 (69000), 374 (13000), 427 (16000), 492 (12000), 543 (12000). Satisfactory elemental analysis could not be obtained.
Crystallography
Single crystal data were collected on a Bruker APEX-II diffractometer; data reduction, solution and refinement used APEX2, SuperFlip and CRYSTALS respectively. 20, 21, 22 Structure analysis used Mercury v. 3.6. Scheme 2 shows the preparation of two HC^N ligands, H1 and H2, which, once incorporated into a {Ru(N^N) 2 (C^N)}-core, are capable of undergoing a Suzuki-Miyaura cross coupling. To increase the selectivity of the first step in Scheme 2, 2-bromo-4-chloropyridine was used instead of 2,4-dibromopyridine. A Suzuki reaction between 2-bromo-4-chloropyridine and phenylboronic acid gave H1 in 64% yield. Compound H1 has previously been prepared by a Grignard reaction with 4-chloropyridine-N-oxide in 74% yield, 17 but we find the Suzuki coupling more convenient. To widen the scope of our modular approach to {Ru(N^N) 2 (C^N)}-functionalization, we synthesized H2 using a Miyaura borylation (Scheme 2). The reaction was monitored by 1 H NMR spectroscopy and after ~5 hours, 40% conversion had been achieved. Attempts to increase the conversion using longer reaction times and higher ratios of catalyst, base or bis(pinacolato)diboron failed. The mixture of product and reagents were subjected to a Kugelrohr distillation and the residue was chromatographed. However, pure H2 could not be obtained. Further development of the synthetic strategy therefore utilized ligand H1. We recently commented on the paucity of structural data for [Ru(N^N) 2 cations present in the unit cell. Fig. 3 shows the structure of the Λ-[Ru(bpy) 2 (1)] + cation and selected bond distances and angles are given in the figure caption. The structure exhibits no surprises, being similar to that of the analogous complex in which the chloro substituent in coordinated [1] -is replaced by a methyl acetate group. 16 As in the latter structure, efficient faceto-face and edge-to-face π-contacts between enantiomers is observed (Fig. 4) . For the face-to-face interaction, the distance between the ring planes = 3.31 Å, and centroid...centroid separation = 3.64 Å; for the edge-to-face interaction, C-H...centroid distance = 2.48 Å. 
Results and discussion

Synthesis and characterization of anchoring unit building blocks
We decided to target [Ru(bpy) 2 . For the carboxylic acid anchor, a suitable reagent is a commercially available 4-carboxyphenylboronic acid. The phosphonic acid anchoring module was synthesized by the route shown in Scheme 4. Diethyl 4-bromobenzenephosphonate (Scheme 4) has previously been prepared in 22% from 1,4-dibromobenzene by Grignard reaction. 18 We were able to isolate the phosphonate ester in 73% yield by a palladium-catalysed phosphonation of 1-bromo-4-iodobenzene (selective at the iodo-functionality) using a stoichiometric amount of HPO(OEt) 2 . Further functionalization by Miyaura borylation using bis(pinacolato)diboron yielded the diester 3 (Scheme 4); this was used in the next step without purification. Compound 3 was recently reported as part of a wide-ranging study of regioselective aromatic C-H borylations, 19 The final step of the synthesis of cyclometallated ruthenium complexes functionalized with anchoring groups is a cross coupling of [Ru(bpy) 2 and 4-carboxyphenylboronic acid proceeded with both 100% conversion and selectivity. For the reaction with anchoring module H 2 4, the highest selectivity achieved was 97%; adjustments to the temperature and time (Table 1) were required for optimization of selectivity. The electrospray mass spectra of the products revealed peak envelopes at m/z 724.2 and 688.1, respectively. However, on their own, these results are ambiguous, because they are consistent with either [M+H] + for M being a zwitterion [Ru(bpy) 2 6 ]. Elemental analysis for the phosphonic acid-functionalized compound was consistent with the zwitterion shown in Scheme 5, and this was further supported by the response of the 31 P NMR spectrum to the addition of base or acid. Fig. 5 shows that the signal at δ +10.8 ppm that characterizes the isolated complex shifts to δ +15.2 ppm after TFA vapour has been blown over the mouth of the NMR tube. Addition of a little solid K 2 CO 3 to the same NMR sample results in a shift back to lower frequency (δ +10.6 ppm with a shoulder at δ +10.7 ppm). A resonance at approximately the same frequency results if K 2 CO 3 is added to a solution of the isolated complex. These observations indicate that the complex is the zwitterion [Ru(bpy) 2 (H5)]. In contrast, the second product is formulated as [Ru(bpy) 2 The spectrum of [Ru(bpy) 2 (H5)] is shown in Fig. 6 . The intense, high-energy bands (between ~240 and 320 nm) are assigned to ligand-centred π*←π transitions, while the broad, lower intensity absorptions around 350-430 nm and 430-620 nm are characteristic of [Ru(bpy) 2 (C^N)] + cations and arise, respectively, from metal-to-C^N and metal-to-bpy MLCT transitions. 7, 11, 31 The broad response of [Ru(bpy) 2 (H5)] is comparable to that of the organic dye P1 (Scheme 6 and Fig. 6 ) that is a standard sensitizer in p-type DSCs (see later). The cyclometallated ruthenium(II) complexes are redox active and cyclic voltammetric data compared to the archetype compound [Ru(bpy) 2 (ppy)][PF 6 ] are given in Table 2 . (Fig. 7) . This is typical of NiO photocathodes used in p-type DSC studies 37, 38 and is compatible with the limitation imposed by the diffusion length of a hole in the NiO semiconductor. 38 A recent investigation using the standard P1 dye (Scheme 6) 33 confirms that two-layers of screen-printed commercial (Dyenamo) NiO lead to better performing p-type DSCs than using one layer. 
DSC performances
The p-type DSCs were assembled as described in the Experimental Section, and duplicate DSCs were made for each dye. Previous investigations of cyclometallated ruthenium(II) dyes have employed an electrolyte comprising I -/I 3 -/MeCN (with no additives), 9,10,11,13 a composition regularly used for the standard dye P1. For DSC measurements, a settling time of 360 ms gave reproducible J-V curves whether the voltage was scanned from negative to positive, or from positive to negative, potentials. Settling times of ≤200 ms led to J-V curves that differed with the direction of the scan; a settling time of 360 ms was therefore adopted as standard for all measurements.
Before discussing the results, we draw attention to the fact that literature photoconversion efficiencies (η) of standard dye P1 in p-type DSCs show significant variation. 33, 39, 40 Contributing factors include the method of NiO fabrication and layer thickness, 32, 33 and the electrolyte (MeCN/I 2 /LiI, MeCN/I 2 /LiI/TBP, or LiI/I 2 /propylene carbonate). 41, 42, 43, 44, 45, 46 The use of MeCN in place of propylene carbonate in the electrolyte is beneficial in terms of short-circuit current density (J SC ). It is also important to note that for n-type DSCs, the use of different sun simulators (e.g. Solaronix vs LOT) also leads to differing J SC values. 47 In a bench-marking investigation, , open-circuit voltage (V OC ) = 93 mV, fill-factor (ff) = 32%, and η = 0.047%. We have fabricated DSCs that are directly comparable to the latter except for the inclusion of the Ni(acac) 2 pretreatment (see above) which we find essential for good adhesion of the NiO to the FTO glass. The performance data for P1 (Table 3 , one-layer of NiO) are similar to those reported, 33 validating the data presented below. We find an enhanced DSC performance for P1 is obtained by using twolayers of NiO (Table 3) . Table 3 also gives values of J SC , V OC , ff and η for DSCs sensitized with the cyclometallated dye [Ru(bpy) 2 (H5)] with electrodes made with one or two screen-printed layers of NiO. As for P1, better DSC performances are observed for twolayers of NiO. J-V curves for the DSCs containing [Ru(bpy) 2 (H5)] adsorbed on two-layers of NiO are shown in Fig. 9 . The low fill-factors of p-type DSCs are a known phenomenon. 48 Pairs of DSCs (Table 3 and Fig. 9 and η = 0.109% for the dye shown in Scheme 7) 9 reported for cyclometallated ruthenium dyes 9, 10, 11, 13 or for two recently reported diacetylide ruthenium(II) donor-π-acceptor dyes (J SC = 1.50 and 2.25 mA cm -2 , η = 0.038 and 0.079%). 49 Values of V OC = 93 mV and ff = 33% for the dye in Scheme 7 compare favourably with the observed values of V OC and ff (Table 3) 
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